In Brief OLM cells have been previously shown to gate information flow into CA1 in vitro. Siwani et al. now show that OLM cells of the intermediate hippocampus can either enhance (upon inhibition) or impair (upon activation) memory encoding in freely moving mice.
INTRODUCTION
The hippocampal CA1 area is involved in the recognition of familiar objects (Basu et al., 2016; Rampon et al., 2000) as well as in contextual fear conditioning (Basu et al., 2016; Ji and Maren, 2008; Lee and Kesner, 2004) . Pyramidal neurons in CA1 are the last components of the trisynaptic pathway that, together with principal neurons in the dentate gyrus and CA3, forms the major route of information flow through the hippocampus (Andersen, 1975) . CA1 pyramidal neurons receive information from within this network via the CA3 Schaffer collaterals and from the entorhinal cortex via the temporoammonic pathway. The mechanisms for memory storage are generally attributed to intrinsic plasticity and long-term potentiation (LTP) at synapses of participating neurons of the network (Benito and Barco, 2010; Daoudal and Debanne, 2003; Martin et al., 2000) . A number of studies of hippocampal circuitry have led to the idea that memories generated from entorhinal cortical inputs are influenced by neuromodulators such as acetylcholine (Hasselmo, 1995) .
At least 20 different types of inhibitory interneurons with different properties have been described in CA1; some target different portions of the pyramidal cells, whereas others target interneurons (Klausberger and Somogyi, 2008) . While interneurons targeting perisomatic domains gate pyramidal cell output, dendritic-targeting interneurons modulate pyramidal cell input (Klausberger and Somogyi, 2008) . Among the latter, oriens lacunosum-moleculare (OLM) cells have their soma located in the stratum oriens and send axonal projections to the distal dendrites of pyramidal cells in stratum lacunosum-moleculare, where inputs from the temporoammonic pathway arrive (Leã o et al., 2012) . OLM cells are thus positioned to control the entrance of multimodal information from the entorhinal cortex into the hippocampus. Notably, OLM cells that specifically express the nicotinic acetylcholine receptor a2 subunit (encoded by the Chrna2 gene) form a genetically defined population of neurons in the CA1 region of the intermediate hippocampus (OLMa2 cells) (Leã o et al., 2012) .
Interestingly, OLMa2 cells receive direct cholinergic transmission and respond to nicotine (Leã o et al., 2012) , and acetylcholine has been implicated in learning and memory processes (Elvander et al., 2004; Tian et al., 2015) . Of note, a previous study has shown that inhibition-but not stimulation-of somatostatin-positive cells in the dorsal hippocampus, many of which are OLM cells, prevents fear learning (Lovett-Barron et al., 2014) . Nevertheless, since the hippocampus is functionally segregated between the dorsal and the ventral parts (Fanselow and Dong, 2010) , it is possible that OLM cells play different roles across the dorsoventral axis. Consistent with this idea, nicotine has opposite effects in the dorsal and ventral hippocampus: while nicotine administration in the dorsal hippocampus enhances contextual fear memory, administration in the ventral hippocampus impairs it (Kenney et al., 2012) .
In the present work, we sought to further investigate the role of OLM cells in memory processes. To that end, we activated or silenced OLMa2 cells in the intermediate hippocampus in freely moving Chrna2-cre mice in the novel object recognition and contextual passive avoidance tasks.
RESULTS
To study the role of OLMa2 cells in learning, we crossbred Chrna2-cre with tdTomato reporter mice to visualize red fluorescent Chrna2-cre-expressing cells in the hippocampus (Figure 1) . Corroborating our previous study (Leã o et al., 2012) , the tomato protein was specifically expressed in OLM cellsthat is, interneurons with their soma in stratum oriens and massive projections to stratum lacunosum-moleculare (Figure 1 and Video S1). We delivered the light-gated proton pump archaeorhodopsin (Arch) or the cation channel channelrhodopsin (ChR2) via bilateral injection of double-floxed, inverted, open-reading-frame, adeno-associated viral vectors ( Figures  1A and 1B ). Since it was previously shown that OLM cells fire in phase with theta activity in vivo (Forro et al., 2015) , we chose stimulation at 8 Hz, an average theta frequency. By use of the clarity method (Chung and Deisseroth, 2013) , we estimated the number of OLMa2 cells reached on each side to 338 out of a total of 3,124 in the cleared hippocampus based on our measured light power at $1.5 mW/mm 2 at 1 mm, which should suffice to induce activity (Video S1; Histed and Maunsell, 2014) . Successfully infected OLMa2 cells also expressed the virally encoded yellow fluorescent protein (EYFP) ( Figure 1A ). Postexperiment analysis confirmed the targeted location of viral injections and insertion of the light probe into the intermediate hippocampus ( Figure 1 ). We performed patch-clamp recordings to corroborate that OLMa2 cells became responsive to light. Green light inhibited spiking in OLMa2 cells expressing Arch ( Figure 1C ), and conversely, rhythmic application of blue light at 8 Hz increased spiking in OLMa2 cells expressing ChR2 ( Figure 1H ). We examined the expression of the immediate early gene c-Fos following light stimulation of Arch-or ChR2-expressing OLMa2 cells in freely moving animals implanted with optical fibers see STAR Methods) . The number of c-Fos immunopositive cells after in vivo light stimulation in Arch animals (Chrna2-cre mice injected with Arch virus) was significantly lower than in injected control Chrna2-cre negative mice ( Figure 1G ). The number of cells in the stratum oriens that became immunopositive for c-Fos after in vivo light stimulation in ChR2 animals (Chrna2-cre mice injected with ChR2 virus) was significantly higher than in control mice ( Figure 1K ). These results demonstrate that optogenetic tools can control OLMa2 cell activity in freely moving animals. The recognition of novel objects constitutes a test of episodic-like memory and is impaired in rodents with hippocampal lesions (Antunes and Biala, 2012; Blaser and Heyser, 2015) . We next tested whether OLMa2 cells play a role in a novel object recognition task in which animals explored two different objects during 10 minutes in two sessions, named training and test sessions. We first subjected mice to experimental protocols in which-in the training session-a computer coupled to a detection system delivered blue light to both hippocampi of control and ChR2 animals during exploration of one of the two objects (lit object) but not during exploration of the other object (non-lit; Video S2). In the test session performed 24 hr later, the mice were re-exposed to one familiar and one new object. In the protocol named ''non-lit object replaced,'' animals were exposed to the previously lit object and a new object in the test session. Control animals spent more time exploring the new object than ChR2 animals, who explored the new and the previously lit object equally (Figure 2A ; Tables S1 and S2), indicating impairment in object recognition. In a control experiment (''lit object replaced''), animals were exposed to the non-lit object and a new object, i.e. two objects not previously associated with OLMa2 cell modulation. In this protocol, both ChR2 and control animals spent more time exploring the new object, with no difference between groups ( Figure 2B ; Tables S1 and S2). Thus, light-stimulation of OLMa2 cells during training selectively impaired encoding of memory for the lit object.
Since the length of the intersession interval relates to performance in the object recognition test (Hammond et al., 2004) , we next investigated whether activating OLMa2 cells would also impair object recognition with an intersession interval of 1 hr. We found similar results as in the 24-hr protocols: ChR2 animals spent equal time with the new and previously lit object, but they recognized the non-lit object (Figures 2C and 2D ; Tables S1 and S2). Having found that acute activation of OLMa2 cells during the training session impaired learning, we wondered whether learning could be improved by instead inhibiting OLMa2 cells. To investigate this possibility, we delivered green light during training to mice whose OLMa2 cells expressed Arch (Arch animals). In the test session with the non-lit object replaced, both Arch and control animals exhibited preference for the new object (Table S2) . Remarkably, Arch animals spent significantly more time exploring the new object than the previously lit object as compared to control animals ( Figure 2E ; Tables S1 and S2). We also noticed a lower variability between individual animals displaying high object discrimination in the Arch group. In contrast, replacing the lit object with a new object did not result in any significant differences between groups, and both control and Arch animals exhibited a preference for the new object ( Figure 2F ; Table S2 ). Thus, light inhibition of OLMa2 cells selectively improved discrimination for the lit object. Together, the results show that OLMa2 cells can bidirectionally modulate learning.
Next, we wanted to investigate whether the effect of OLMa2 cell stimulation was due to those cells' direct participation in encoding, and we therefore performed protocols with stimulation out of the encoding phase. Light stimulation of OLMa2 cells after the training session did not produce any measurable differences between ChrR2 animals and controls, with both groups showing the expected exploration preference for the novel object in the test session ( Figure 3A ; Tables S1 and S2). Next, to examine whether the effect of OLMa2 cell stimulation was directly linked to a specific object and not due to stimulation of a spatial component of the field, we stimulated OLMa2 cells when animals were in the arena while disengaged from object exploration. This had no effect on the object preference in the test session ( Figure 3B ; Tables S1 and S2). Interestingly, and consistent with our findings above, ChR2 but not control animals explored the lit object significantly more when both the lit and non-lit objects were kept in the test session ( Figure 3C ; Tables S1 and S2); this suggests that ChR2 animals perceived the previously lit object as a new object. Finally, we tested whether light stimuli delivered during both training and test sessions would impact object exploration. Such stimulation protocol did not result in any differences between ChrR2 animals and controls, with both groups showing exploration preference for the novel object in the test session ( Figure 3D ; Tables S1 and S2 ). Rodents depend on the integrity of the hippocampus to produce contextual fear memories (Rudy and Matus-Amat, 2005; Wiltgen et al., 2006) . Previous studies have shown that CA1 is involved in contextual fear conditioning (Corcoran et al., 2005; Rudy and Matus-Amat, 2005) and that dorsal somatostatin-positive interneurons play a role in fear learning (Lovett-Barron et al., 2014) . We next investigated whether OLMa2 cells may also be involved in the encoding of fear-related memories using a passive inhibitory avoidance task. For this, we used an arena with a brightly lit and a dark compartment ( Figure 4A ). During training sessions, the animals received a dual foot shock in the dark compartment to acquire an aversion to this normally preferred compartment in future exposures to the arena (test sessions). ChR2 animals that were light-stimulated during training displayed significantly lower latency to enter the dark compartment in the test sessions compared to control animals ( Figure 4B ; Table S3 ; Video S3). In contrast, mice whose OLMa2 cells expressed Arch and who were light inhibited during the training sessions showed no difference in latency or velocity compared to controls ( Figure 4C ; Table S3 ). Thus, whereas inhibition of OLMa2 cells had no effect, activation of OLMa2 cells impaired aversive memory encoding.
Inhibition of dorsal somatostatin-positive OLM interneurons attenuates fear learning (Lovett-Barron et al., 2014) , which is at first glance at odds with our results. Since the test paradigm used in that study differed from the one used here, we modified our protocol and tested the influence of optogenetic modulation to ChR2 and Arch animals in a 5-second period encompassing the foot shock ( Figure 4D ). For both groups of animals, we did not find any significant differences during training or testing; the re-entry latencies were similar to the control groups ( Figures 4E and 4F ), suggesting that this type of manipulation onto intermediate OLMa2 cells was insufficient to influence fear learning. It also suggests that activation of intermediate OLMa2 cells could attenuate the memory of the shock when it was paired with the context-i.e,. the chamber-but not when confining OLMa2 cell activation only to the shock event.
This begins to suggest that the dorsal and intermediate part of the CA1 may process encoding and retrieval differently. To further investigate these differences, we repeated the novel object recognition and passive inhibitory avoidance tests with animals that received viral injections and light-mediated inhibition in the dorsal hippocampus (Arch dorsal ; see STAR Methods). In contrast to the results obtained when inhibiting the intermediate Preference Ratio
Figure 2. OLMa2 Cells Bidirectionally Control Object Memory Learning
(A-F) Schematic overviews show experimental protocols, heatmaps depict sum spatial occupancy during the test session(s), and graphs show percentage exploration times and preference ratios for the new object. Blue (A-D) or green (E and F) light was selectively delivered during exploration of one of the objects (lit) in the training session. In (A), (C), and (E), the lit object was kept in the test session while the non-lit object was replaced by a new one. In (B), (D), and (F), the lit object was replaced and the non-lit object was kept. ChR2 animals proportionally explored the lit object more than controls (A and C); however, when the lit object was replaced, there was no significant difference between groups (B and D). Conversely, Arch animals proportionally explored the lit object less than controls (E), with no difference between groups when the lit object was replaced (F). The preference ratios were calculated for the new object during the test session. mean ± SEM; *p < 0.05, t test.
CA1 ( Figure 2C ), we did not find that Arch dorsal animals spent more time exploring the new object than the previously lit object compared to control animals ( Figure 5A ). However, Arch dorsal animals exhibited lower latency to enter the dark chamber than control groups in the passive inhibitory avoidance task (Figure 5B ; Table S3 ), consistent therefore with the findings of Lovett- Barron et al. (2014) and in contrast to the results obtained for inhibition of OLMa2 cells in the intermediate CA1 ( Figure 4C ). To gain further insight into the functional differences between the dorsal and intermediate hippocampus, we examined the response of OLMa2 cells to the cholinergic agonist nicotine. In in vitro slice experiments, we found that intermediate OLMa2 cells showed a much greater depolarization in response to nicotine than the dorsal counterparts ( Figures 5C and 5D ), suggesting differential cholinergic influence based on dorsoventral location.
DISCUSSION
Our results suggest that OLMa2 cells in the CA1 region of the intermediate hippocampus can modulate learning of either object or fear-related representations. Acute light-mediated activation of intermediate OLMa2 cells resulted in decreased learning when animals were tested for object recognition as well as fear-related memories. In contrast, light-mediated inhibition improved object recognition but did not affect fear-related memories.
In CA1, the intrahippocampal input from CA3 projects onto proximal apical dendrites of pyramidal cells, whereas the direct external input from the entorhinal cortex contacts the distal apical tuft dendrites (Kajiwara et al., 2008; Takahashi and Magee, 2009 ). The intrahippocampal indirect pathway is primarily responsible for pattern separation and completion as well as for the association of diverse sets of information, whereas the direct pathway is considered more important for recognizing (A and B) Light stimulation after the training session (A), or while animals were not engaged in object exploration (B), led to no difference in object exploration compared to controls. (C) When both objects (lit and non-lit) were kept in the test session, ChR2 mice explored the lit object more, while control animals exhibited no object preference. (D) When light stimuli were delivered also during the test session, the preference for the new object was rescued. The preference ratios were calculated for the new object during the test session (except in C, where preference is calculated for the lit object). Mean ± SEM; *p < 0.05, t test.
the novelty of an event or context (Andersen et al., 2006; Lisman and Otmakhova, 2001 ). Part of the multimodal information necessary for object and context recognition is directly related to the EC-CA1 connections through the temporoammonic pathway. Several hypotheses have been suggested about how this flow of information governs learning and memory. For example, encoding and retrieval are thought to be linked to the theta rhythm such that encoding through external input from the temporoammonic pathway is strong at the peak of theta while Schaffer collateral input is weak (Hasselmo and Stern, 2014; Hasselmo et al., 2002) . Vice versa, retrieval would be prioritized in the trough of theta, when synaptic transmission from CA3 is strong. Another influential model posits that the CA1 region would act as a comparator between previously encoded representations in CA3 with current multimodal sensory afferents from the entorhinal cortex, and would thus play a role in novelty detection and act as a trigger for memory formation (Lisman and Grace, 2005; Lisman and Otmakhova, 2001 ). Anatomical and electrophysiological characterization posits OLMa2 cell activation as a gate switch prioritizing CA3-CA1 inputs over EC-CA1 activity; consistently, LTP induction in the temporoammonic pathway is suppressed when OLMa2 cells are active and enhanced in animals whose OLMa2 cells are non-functional (Leã o et al., 2012) . Based on this, we hypothesize that, also in vivo, inactivation of OLMa2 cells alters circuit dynamics and increases the influence from EC-CA1 input, facilitating encoding of novel environmental input through the temporoammonic pathway and possibly also by concomitant down prioritizing of CA3-CA1 inputs. Likewise, our findings here suggest that acute activation of intermediate OLMa2 cells hinders learning by the opposite mechanism. Combined, our former and present studies contribute to establishing a link between LTP at the cellular level and the behavioral manifestation of a memory.
Acute inhibition of OLMa2 cells improved learning in the object recognition test, but not in the passive inhibitory avoidance test. A reason for this could be that the experience of the electric shock leads to stronger learning than object exploration and less opportunity for further improvement of encoding. Interestingly, we also found that activation during both encoding and retrieval resulted in normal learning ( Figure 3D) . A possible reason for this could be that, despite the stimulation of OLMa2 cells during the encoding phase, weak engrams could form, which would be difficult to retrieve. Activation of the same set of OLMa2 cells also during retrieval would facilitate the CA3-CA1 pathway and help recall such weaker engrams. Alternatively, OLM cell activity may influence states and thus participate in state-dependent learning, potentially through an effect on theta rhythms. Another reasonable interpretation-and one in line with the notion of OLMa2 cell activation acting as a gate switch prioritizing CA3-CA1 inputs over EC-CA1 activity (Leã o et al., 2012)-is that when OLMa2 cells are light activated, the object memory may be encoded at a different set of synapses, which fail to support recall under baseline conditions. Further studies are needed to establish which of these hypotheses are correct or whether other explanations are at hand.
Our results show that OLMa2 cell activation affected fear-related learning. In the passive inhibitory avoidance test, mice which received intermediate OLMa2 cell activation concomitant with a foot shock maintained similar latencies to enter the dark compartment (shock associated) as in the training day. Control animals increased their latency, thus showing normal aversive memory. A previous study demonstrated that the inactivation of somatostatin-positive interneurons in the oriens layer of the dorsal hippocampus prevents fear learning (Lovett-Barron et al., 2014). We examined whether the different areas of stimulation between the Lovett-Barron et al. (2014) study and our study (dorsal vs. intermediate hippocampus) could underlie the opposite responses. Indeed, we did not observe improved learning in the novel object recognition test when repeating our protocols but instead targeting the dorsal hippocampus ( Figures 2C and 5A) . Further, we could replicate the results from Lovett-Barron et al. (2014) when we redirected the inhibition of OLMa2 cells to the dorsal hippocampus ( Figure 5B ). OLMa2 cells are unevenly distributed in the hippocampus, with more cells in the ventral part (Mikulovic et al., 2015) , and recent studies have reported on functional subdivisions of the hippocampus along both the transverse and dorsoventral axis (Cembrowski et al., 2016; Ito and Schuman, 2012) .
We found here that OLMa2 cells in the intermediate hippocampus were more responsive to nicotine than their dorsal counterparts ( Figures 5C and 5D ). Interestingly, it has been shown that nicotine administered in the dorsal hippocampus enhances contextual fear memory, while administration in the ventral hippocampus impairs memory (Kenney et al., 2012) . Since nicotine activates OLMa2 cells (Leã o et al., 2012) , this may explain the observed similarity in results when stimulating OLMa2 cells in the intermediate hippocampus (this study) or through inhibition of somatostatin positive cells in the dorsal hippocampus (Lovett-Barron et al., 2014) . Acetylcholine can potentiate the Schaffer collateral pathway via activation of nicotinic receptors (Leã o et al., 2012; Mann and Greenfield, 2003; Nakauchi et al., 2007) ; however, other studies have found that this pathway can be inhibited by acetylcholine (Dasari and Gulledge, 2011; Hasselmo and Schnell, 1994; Herreras et al., 1988; Mans et al., 2014; Sheridan and Sutor, 1990) . This difference may be due to the timing of incoming inputs or the effect downstream of nicotinic versus metabotropic receptors (Haam and Yakel, 2017) . The important role of cholinergic influence from the medial septum for OLM cell activity in learning and memory has recently been demonstrated (Haam et al., 2018) . Our findings position intermediate OLM cells in a bidirectional role responding either to inhibitory inputs that improve learning or to excitatory inputs that prevent efficient learning, which possibly is provided by cholinergic action from the medial septum. This is particularly interesting in light of the proposed role for the Chrna2 subunit to provide a molecular switch to continuously excite interneurons of the hippocampus (Jia et al., 2009) . It remains to demonstrate whether such a switch is operational in OLM cells in vivo, but if so, this could suggest a mechanism where OLM cells are kept active by the influence from acetylcholine as well as baseline recurrent activation from pyramidal cells. For encoding, the required inactivation of OLM cells could possibly be provided by VIP+ inhibitory interneurons, as has been suggested for Martinotti cells in the neocortex (Pi et al., 2013) .
In conclusion, this study provides direct evidence for a role of intermediate OLMa2 cells in memory formation processes, likely through gating of sensory information transmitted from the entorhinal cortex to the hippocampus or from internal processing from Schaffer collaterals. Of note, dysfunctional OLM cell activity has been recently associated with memory deficits in an animal model of Alzheimer's disease (Schmid et al., 2016) . Our results suggest that OLMa2 cells can potentially be used as a target for improving learning.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
In vivo animal studies We used 145 heterozygote Chrna2-cre transgenic mice bred with homozygote tdTomato reporter mice on a mixed genetic background (Sv129:C57bl6) as described in our previous study (Leã o et al., 2012) . Males and females (3 to 5 months old) were used as isolated groups; effect of gender was not observed and all animals were kept on a 12-hour light/dark cycle with food and water ad libitum. All procedures were approved by Uppsala Animal Ethics Committee, Jordbruksverket (C135/14, C132/13). 
METHOD DETAILS

Surgical procedures
We delivered channelrhodopsin (ChR2) or archeorhodopsin (Arch) using adeno-associated viral vectors (rAAV2/9.EF1a-DIOhChR2(H134R)-EYFP.WPRE.hGH (Figures 1 and 2 , 3A-C), rAAV2/EF1a-DIO-hChR2(H134R)-EYFP ( Figures 3D and 4) , rAAV9/ Flex-ArchT-GFP. Virus were bilaterally delivered using a nanofil syringe (World Precision Instruments) and a stereotaxic frame at the following coordinates: Intermediate, -3 mm rostrocaudal; -3 and 3 mm mediolateral; -2.7 and -3.6 mm dorsoventral. Dorsal, -1.7 mm rostrocaudal; -1 and 1 mm mediolateral; -1.5 mm dorsoventral. After virus injection, optical fibers (200 mm diameter) were implanted at the same coordinates at a depth of -2.7 mm and fixed with dental cement. Before the behavior experiments, animals were given three weeks for recovery and viral vector driven expression.
c-Fos analysis Animals were anesthetized by isoflurane inhalation and thereafter deeply anesthetized with injections of a Ketalar/Domitor mix (Pfizer/OrionPharma, Sollentuna, Sweden). The mice were then perfused transcardially with phosphate buffered saline pH 7.4 (PBS) followed by 4% formaldehyde. Brains were removed and placed in 4% formaldehyde at 4 C overnight. Brains were washed 3x in PBS for 10 min, thereafter placed in a solution of 25% sucrose and allowed to settle overnight. Following this, brains were removed from the sucrose solution and stored at -80 C. For cryostat sections, brains were mounted in Tissue-techÔ (Miami, FL, USA) and placed on dry ice, then cut in coronal sections of 35 mm, mounted on glass slides and stored at -80 C until use. Brain sections on glass slides were thawed at room temperature for 45 min. Slides were washed 4x in PBS for 10 min and blocked for 1 hr with blocking solution (2% donkey serum, 1% BSA, 0.1% Triton X-100, 0.05% Tween 20, 0.01M PBS) (1:10). Primary antibody goat anticFos (Santa Cruz, California, USA) was diluted (1:150 or 1:500) in Supermix (200 ml TBS, 0.5 g gelatin, 1 ml Triton X-100, heat up to 60 C until gelatin dissolves) and slides were incubated for 72 hours at 4 C. During the last 24 hours, primary antibody rabbit anti-GFP (Abcam, Cambridge, UK) diluted in Supermix (1:1000) was added to the slides. Slides were washed 4x in TBS for 10 min. Secondary antibodies (Thermofisher Scientific, Massachusetts, USA) Alexa fluor 647 donkey anti-goat, Alexa fluor 488 donkey anti-rabbit (1:300 or 1:500) and nuclear marker DAPI (1:100 or 1:1000) were diluted in Supermix, added to the slides and left to incubate for 1.5 hours at room temperature. Finally, slides were washed 4x in TBST (0.01% tween) for 10 min and mounted with mowiol. Images were acquired on a Zeiss LSM 510 Meta confocal microscope, using 10x, 20x, 40x and 63x objectives and laser excitation within suitable wavelengths, and thereafter processed with Photoshop CS3 (Adobe) and imageJ to create merged panoramic images and adjusting input levels and color pallet for uniformity across images. For stitching, a plugin for imageJ was used (Preibisch et al., 2009 ). Number of c-Fos positive cells was counted along the contour of the SO of multiple biological samples (see Figures 1D and 1I ) using ImageJ (NIH). Total number of c-Fos positive cells for control and ChR2 or Arch expressing mice was compared by Student's t-test.
Electrophysiology
Horizontal hippocampal slices (300 mm) were obtained from Chrna2-cre/R26tdTomato mice carrying ChR2 or Arch. Slices were cut using a vibratome (VT1200, Leica, Microsystems). The slices were transferred to a submerged chamber and maintained in artificial cerebrospinal fluid (aCSF: 126 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM MgCl 2 , 2 mM CaCl 2 , 26 mM NaHCO 3 and 10 mM glucose), constantly bubbled with 95% O 2 and 5% CO 2 . Patch pipettes from borosilicate glass capillaries (GC150F-10 Harvard Apparatus) were pulled on a vertical puller (Narishige, Japan) with resistance around 7 MU and filled with internal solution containing: 130 mM K-gluconate, 7 mM NaCl, 0.3 mM MgCl 2 , 2 mM ATP, 0.5 mM GTP, 10 mM HEPES and 0.1 mM EGTA (pH was adjusted to 7.2 using KOH). Current-clamp recordings were obtained using a Multiclamp 700B (Molecular Devices) amplifier. Data was acquired by a National Instruments DAQ card and WinWCP/WinEDR softwares implemented by Dr. J. Dempster (University of Strathclyde, Glasgow, UK). 8-Hz sinusoid function (varying from 0 to 4 mW at the tip of the fiber) drove a 473-nm laser (Shanghai Dream Lasers analog modulated) to activate ChR2 expressing cells. Square light pulses (555-nm laser, Shanghai Dream Lasers) were used to inhibit Arch expressing cells. For experiments testing nicotine sensitivity, membrane potential in free run was measured under the presence of 50uM dAP5, 10uM CNQX and 10uM picrotoxin (Sigma) with or without 1uM Nicotine hemisulphate (Sigma aldrich).
Habituation
Before the behavioral tasks, the animals were handled by the experimenter in 5-minute sessions inside the experimental room for three consecutive days. During these sessions, they were also habituated to mounting of the optic fiber.
Novel object recognition (NOR)
To assess the encoding of object memory, we used six different protocols of the NOR task (listed below). We placed two objects of similar size in a round arena (46 cm diameter; Video S2). During the training session, animals were allowed to explore the arena with the objects for 10 min. The test session was performed either 1 hour or 24 hours apart. In the test session, we replaced one of the objects with a novel one (except in Figure 3C ) and once again allowed mice to explore the arena for 10 min. The preference ratio was defined as the time exploring the novel object divided by time exploring the familiar object (except in Figure 3C , where it was defined as the time exploring the lit object divided by the time exploring the non-lit object). Mice were subjected to the following protocols: (1) Non-lit object replaced: during the training session, light was delivered for a minimum of 1 second when the animal approached one e2 Neuron 99, 404-412.e1-e3, July 25, 2018 of the objects (lit object), but not the other (non-lit object); light delivery was only turned off when the animal stopped exploring the object (Video S2). In the test session, the non-lit object was replaced by a new object. (2) Lit object replaced: the training session was performed as described above, but in the test session the lit object was replaced by a new object. (3) Arena stimulation: during the training session light was delivered when animals were not engaged in object exploration. During the test session, one of the objects was replaced by a new object. (4) Stimuli after training: no light was delivered during the training session; immediately after training, light was delivered in windows of 10 seconds on and off for 10 minutes. In the test session one of the objects was replaced by a new object. (5) Lit and non-lit objects maintained: the training session was performed as in protocol 1. In the test session, no object was replaced. During the training session, light was delivered. (6) Similar protocol as (1) but with light delivery during both the training and test sessions. During the recording, the experimenter was not present in the behavioral room. Light delivery was automated using a national instruments board (USB-6351) controlled by Ethovision software (XT, versions 9-11) through a custom designed Labview software. Light was delivered bilaterally at theta frequency (8 Hz) with an intensity of $4 mW. The trigger for light delivery was automatically set as when the animal head entered the ''object zone'', defined in Ethovision as the distance of 1 cm from the edge of the object. The same animal was not used in more than two different protocols.
Passive inhibitory avoidance
The apparatus consisted of two chambers without roof: one light chamber with white walls ($3200 lux) and one dark chamber with black walls (closed door $4 lux, open door $9 lux). The light chamber had two 3-W lamps illuminating the chamber. During training, the animal was placed in the light chamber for 30 seconds. Next, the door connecting the two chambers was opened (see Video S3). When the animal entered the dark chamber, the door was closed and a shock was delivered after 5 seconds (1 mA, 100 ms). These procedures were done manually. The animal was brought to the home cage for two minutes; afterwards, the animal was subjected to another trial in the same arena (same shock amplitude and duration). The maximum latency to enter the dark chamber was 90 seconds for the first trial and 270 seconds for the second trial. Animals that did not exit the light chamber in the training trials were excluded from further analysis. For the data analysis, the latency time to enter in the dark chamber was averaged for the two trials in the training session (day 0). Velocity was measured by Ethovision software when animals were in the light chamber and was averaged for the two trials in the training session (day 0). Latency was automatically measured in one trial for test days 1-3. Two stimulation protocols were used during the training session: (1) light was delivered bilaterally at theta frequency (8 Hz) with an intensity of $4 mW in periods of 1 second on and 1 second off (to reduce the probability of cell death due to over activation or heatshock) for the whole duration of the task or (2) for 5 continuous seconds starting one second before delivery of the foot shock. We performed three test sessions separated by 24 hours (day 1, day 2 and day 3). In the test session, no shock was delivered and animals were allowed a maximum latency of 270 seconds to enter the dark chamber. Animals that did not exit the light chamber after 270 seconds were placed in the dark chamber for $10 seconds to have all mice exposed to the pairing of CS -no US before being retested in subsequent days. This procedure was implemented to minimize differences in memory extinction within groups. During recording sessions, the experimenter was present in the behavioral room but not visible to the animal, positioned on the side of the arena between the dark and the light chamber so as to not induce place preference.
QUANTIFICATION AND STATISTICAL ANALYSIS Excluded animals
In the NOR task, we excluded animals that had the optical fiber unplugged during the training session and animals that explored the objects less than 10 sec (5/145). We also excluded animals in the passive inhibitory avoidance task that did not enter the dark chamber during the training sessions or escaped the chamber (9/109).
Statistical analyses
Tracking data were extracted and scored from video recordings using the Ethovision software (XT, versions 9-11). The normality distribution test (Shapiro-Wilk normality test) was applied to each dataset. We performed t-tests to compare data with Gaussian distribution, otherwise the Mann-Whitney test was used. Data are presented as mean and standard error of the mean (SEM). For the passive inhibitory avoidance task, we performed two-way repeated measures ANOVA using animal group and day as independent variables. Numerical details of all statistical analyses are provided in Tables S1, S2 , and S3.
